When the cE x BIB 2 drift velocity is large enough to exceed the particle gyro velocity, adiabatic theory becomes more complicated and less useful: more complicated because there are five drifts in addition to the E x B, gradient, and line curvature drifts and three more terms in the parallel equation of motion; less useful because the second and third invariants J and ß are no longer valid in mirror geometry due to the rapid drift across field lines that destroys any semblance of periodicity in the bounce motion. (Approximate periodicity is necessary to have an adiabatic invariant.) But the special case of a rapidly rotating rigid magnetic field, with Ell --0, is an exception. If the field at any time is merely a rotation of that at an earlier time, the drift and parallel equations simplify, and even better, the second invariant is again valid. The drift equation now has two rather than five additional terms--a Coriolis drift and a centrifugal drift. Just as in a slowly or nonrotating mirror system, the second invariant now provides a (rapidly rotating) drift shell to which the guiding center is confined. The particle kinetic energy in the rotating frame, minus the centrifugal potential, is an exact constant of motion in a rigid rotator. This constant is well known but does not by itself put limits on radial motion toward or away from the rotation axis, hence it does not limit particle energy changes. But the drift shell does limit and make periodic any radial excursions, and this is why previous studies of particle motion, in particular examples of rigid rotators, have shown that particles experience no steady energy gain or loss.
In this paper we will study nonrelativistic particles only and derive adiabatic equations of motion as seen by an observer in the corotating reference frame. We will show that J is in fact still conserved even if us •> %, provided the electric and magnetic fields a-re those of a 'rigid rotator.' A rigid rotator is defined as a time dependent magnetic field configuration, which at any time is the same as that at an earlier time but rotated about an axis through an arbitrary angle (and translated if desired). The electric field is assumed to have the corotational value [Birmingham and Northrop, 1979 We will show in this paper that the rapidly rotating rigid rotator is one special case where uE • vg and yet J is conserved.
Another (trivial) special case where J is conserved in spite of the fact that uE • vg can be constructed as follows. Take a static magnetic mirror field with E = 0, where J is conserved by the drifts. Then look at this arrangement from a reference frame translating with respect to the static frame at a velocity >> %. An observer in this translating frame sees ue >• %, and yet the J of the particle is still conserved, being a scalar property of the particle.
The rigid rotator is not such a trivial special case, because an observer in the corotating frame sees Coriolis and centrifugal drifts, even though he sees no electric field drift. One must show that these two additional drifts do not destroy the invariance of J. The motion as observed in the rotating system is almost periodic, so the invariance of J can be suspected.
In the following we derive the guiding center equations of motion in a rigid rotator and prove the invariance of J. A by-product of the work will be a clearer understanding of why rigid rotators of arbitrary geometry never produce long-term changes in trapped particle kinetic energy. Other studies of this matter have been made. Hones and Bergeson [1965] proved that a magnetized sphere rotating about an axis not aligned with the dipole produces no secular energy changes. Birmingham and Northrop [1968] extended this result to an arbitrarily moving magnet with the same result. Both papers assumed E ß B = 0, as we will here, but here we will drop the assumption that ue <• v• made in both of those papers.
PARTICLE MOTION IN THE ROTATING FRAME
The charged particle equation of motion in the nonrotating frame is, in the usual notation so that H =-«(w 2--p2f12)___ /•2/2_ pfl¾. 4 is an exact constant of the particle motion. Here «p2f12 is the centrifugal potential, and the particle energy seen by the rotating observer is larger when the particle finds itself further from the rotation axis. But (5) does not place any constraint on how far from the rotation axis the particle can find itself; hence it places no constraint on energy. So far this is all well known. What is new is that the second invariant J still holds and places a constraint on where the particle goes, hence on p The formal analogy between (1) and (4) permits application of all heretofore developed adiabatic theory to particle dynamics in the rotating frame, as described by (4). Because 8 is proportional to the adiabatic parameter E --m/e, only the small electric field form of adiabatic theory is required, and this fact provides much simplification compared to working from the point of view of the non-rotating frame with its large E and attendant more complex formalism.
By making use of (4), the Vlasov equation can be derived for the rotating frame. Let f(r, w, t) be the particle distribution function in ( In the remainder of this paper we use the analogy repeatedly to obtain equations valid for the corotating observer.
T• GUIDING CEN•R EQUATION OF MOTION
In a nonrotating frame the differential equation of motion of the guiding center located at R is [Northrop, 1963, 
T• PARALLEL EQUATION OF MOTION
The component of (8) It is plausible that E should enter as in (18) for the magnetic moment of a particle and holds that number fixed throughout the calculation, so that he is in reality using M0 + eMx. But to determine the number to be used, given say the initial particle r and v, one must use the complete expression for M0 + eMx. We now continue to work with the small uE inertial frame equation (18) 
where as a consequence of the gyroaveraging, p is now at the guiding center position R rather than at the particle position.
The bounce average of (44) 
SUMMARY AND CONCLUSIONS
We have investigated some aspects of adiabatic theory in the regime where the E x B drift velocity is comparable with or larger than the gyro velocity. Previous work shows that such particles undergo five drifts in addition to the familiar E x B, gradient, and line curvature drifts, have three more terms in the parallel equation of motion, and possess neither bounce J nor flux q> adiabatic invariants. The absence of conserved J and q> arises from the fact that a large E x B drift in general destroys the near periodicity of the bounce and drift motions.
The case of the rapidly rotating rigid magnetic field configuration is an exception to these conclusions, because a corotating particle then has nearly periodic motion. The equation of motion of a charged particle in a rapidly rotating asymmetric magnetosphere has a formal identity to the particle equation of motion in nonrotating static magnetic and electric fields. Because of this similarity, all previously developed adiabatic theory of guiding center motion can be used to produce analogous guiding center equations in the rotating reference frame. Using this analogy is an easy way to obtain the guiding center drift velocity and parallel differential equation of motion. The drift velocity (16) in the rotating frame consists of the expected field gradient and line curvature drifts plus centrifugal and Coriolis force induced drifts. The parallel equation of motion (27) contains mirror and centrifugal forces along the field line to zero order in gyroradius plus two first order terms.
The particle equation of motion in the rotating frame has an exact constant (5) of the motion equal to the particle kinetic energy in the rotating frame plus a centrifugal potential energy. If the particle moves further from the rotation axis, its rotating frame kinetic energy increases. This constant of the motion does not by itself put any limits on the particle energy increase or decrease. However, we have also shown in this paper that the second invariant is conserved in the rotating frame by the four drifts in (16), so that a particle slowly drifts around on its rapidly rotating drift shell and returns to its original field line. Thus there is no long-term energy change. Any energy change is periodic on the bounce and drift time scales. This same' statement also holds for energy changes as observed by a nonrotating observer. This is in brief why all previous explicit calculations of particle energization in rigid rotators have failed to show any secular effect.
Finally, a Vlasov equation holds in the rotating system, again because of the analogy between equations (1) and (4). Table 1 
